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Twenty one of 118 irrigation water wells in the shallow (25–30 m thick) Mississippi River Valley
alluvial aquifer in the Bayou Bartholomew watershed, southeastern Arkansas had arsenic (As)
concentrations (b0.5 to 77 µg/L) exceeding 10 µg/L. Sediment and groundwater samples were
collected and analyzed from the sites of the highest, median, and lowest concentrations of As in
groundwater in the alluvial aquifers located at Jefferson County, Arkansas. A traditional five-step
sequential extraction was performed to differentiate the exchangeable, carbonate, amorphous Fe
andMnoxide, organic, and hot HNO3-leachable fraction of As and other compounds in sediments.
The Chao reagent (0.25 M hydroxylamine hydrochloride in 0.25 M HCl) removes amorphous Fe
and Mn oxides and oxyhydroxides (present as coatings on grains and amorphous minerals) by
reductive dissolution and is a measure of reducible Fe and Mn in sediments. The hot HNO3

extraction removesmostly crystallinemetal oxides and all other labile forms of As. Significant total
As (20%) is complexed with amorphous Fe and Mn oxides in sediments. Arsenic abundance is not
significant in carbonates or organic matter. Significant (40–70 µg/kg) exchangeable As is only
present at shallow depth (0–1 m below ground surface). Arsenic is positively correlated to Fe
extracted by Chao reagent (r=0.83) and hot HNO3 (r=0.85). Arsenic extracted by Chao reagent
decreases significantlywith depth as compared to As extracted by hot HNO3. Fe (II)/Fe (the ratio of
Fe concentration in the extracts of Chao reagent and hot HNO3) is positively correlated (r=0.76) to
As extracted fromChao reagent. AlthoughFe (II)/Fe increaseswithdepth, the relative abundance of
reducible Fe decreases noticeablywith depth. The amount of reducible Fe, aswell as As complexed
to amorphous Fe and Mn oxides and oxyhydroxides decreases with depth. Possible explanations
for the decrease in reducible Fe and its complexedAswith depth includehistoricflushingof As and
Fe from hydrous ferric oxides (HFO) by microbially-mediated reductive dissolution and aging of
HFO to crystalline phases. Hydrogeochemical data suggests that the groundwater in the area falls
in themildly reducing (suboxic) to relatively highly reducing (anoxic) zone, andpoints to reductive
dissolution of HFO as the dominant As releasemechanism. Spatial variability of gypsum solubility
and simultaneous SO4

2− reduction with co-precipitation of As and sulfide is an important limiting
process controlling the concentration of As in groundwater in the area.
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1. Introduction

Following the accumulation of evidence for the chronic
toxicological health effects of arsenic (As) in drinking water,
including cancer, the US Environmental Protection Agency (U.S.
EPA) reduced theMCL for As from 50 to 10 µg/L (U.S. EPA, 2001).
Most municipal-supply water systems in eastern Arkansas draw
water from deeper Tertiary aquifers (91–213 m below ground
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Fig. 1. Location of study area, monitoring wells sites, water level map, and As background data. Location map (Jefferson County, AR, USA) of the study area, which
shows As background data in µg/L (solid circle), water level contour in meter (thin solid line), monitoring wells (solid triangle in open circle), river and water
courses (thick dark black lines).
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surface) where As is generally b0.5 µg/L. Impacts from As to
municipal-supply water systems in Arkansas are low. However,
the potential health impact of As to drinking water supply
systems inArkansas is still significant. Approximately 200 public
water supply wells screened in the shallow Mississippi River
Valley alluvial aquifer (herein referred to as the alluvial aquifer)
serve about 450,000 people. These public water supply wells
include commercial hunting camps, gasoline stations, trailer
parks, and restaurants, as well as most private domestic wells.
Recent publications documenting water quality in the Bayou
Bartholomew watershed of southeastern Arkansas (Kresse and
Fazio, 2002) revealed that 21 out of 118 irrigation water wells
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installed in the shallow alluvial aquifer (25–30 m) had As
concentrations N10 µg/L. Kresse and Fazio (2003) provide
evidence for reductive dissolution of hydrous ferric oxides
(HFO), and release of sorbed and/or co-precipitated tracemetals
as the source of soluble As in the alluvial aquifer. Their evidence
is mainly based on observed statistical correlations between As
and various redox-sensitive parameters (NO3

−–N,NH4–N, and Fe)
favorable for reductive dissolution of HFO. These results are
similar to alluvial environments in other parts of USA and
abroad. The data of Kresse and Fazio (2002) indicate that
domesticwells completed in alluvial aquifermaypresent risks to
at least 18% of the private well owners not protected by the Safe
Drinking Water Act (SDWA), and increased treatment costs for
those public water supplies installed in this alluvial aquifer.

Thiswork expands thatofKresse and Fazio (2003) by focusing
on the hypothesis of As mobilization caused by reductive dis-
solutionofHFO (Matisoff et al.,1982;Korte,1991) and transportof
As in a specific area of the alluvial aquifer within the Bayou
Bartholomewwatershedwith the highest known concentrations
ofAs. This study is unique in that it is thefirst detailed studyof the
transport and fate of As in a large alluvial aquifer that has
relatively low to moderate As concentrations (b0.5–50 µg/L) in
comparison with other better known alluvial aquifers with As
pollution, such as Bangladesh (2.5–846 µg/L; Ahmed et al., 2004).
Fig. 2. Aquitard thickness and As background data in the study area. Map shows As b
(the black color as 6–8 m, the gray color as 0–6 m, and the white color as 8–12 m).
2. Study area

The study area is about 225 km2 in the southern part of
Jefferson County, Arkansas (Fig. 1). It is bounded by the Arkansas
River to the northeast and Bayou Bartholomew to the southwest.
The area comprises the northeastern part of the Bayou
Bartholomew watershed, which is covered almost entirely by
Holocene alluvial deposits of theMississippi andArkansas Rivers.
The Holocene alluvial deposits are represented by downward
coarsening from clays, silts and fine sand at the surface (herein
referred to as surface aquitard), to coarse sand and gravel at the
base. Pleistocene alluvial deposits of theMississippi andArkansas
Rivers form terraces with minor exposures of Tertiary-age strata
along topographically high areas, and are found beyond the
western part of the study area (Kresse and Fazio, 2002). The
thickness of the surface aquitard varies from b6 to 12 m (Fig. 2),
and permeability of the aquitard is heterogeneous due to varying
proportions of clay, silt, and fine sands. Where the surface
aquitard is thick and less permeable, it forms a confining unit
which impedes recharge to the alluvial aquifer. The thickness of
the alluvial aquifer ranges from 18 to 43 m (Kleiss et al., 2000).
Channel fill, point bar, and back swamp deposits associated with
present and former channels of the Mississippi and Arkansas
Rivers produced abrupt changes in lithology and resulted in large
ackground data in µg/L (solid circle) and surface aquitard thickness in meter
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spatial and vertical variations in the hydraulic properties of the
aquifer system (Joseph, 1999). The regional direction of ground-
water flow is generally to the south and east except where
affected by intense groundwater withdrawals (Schrader, 2001).
Local perturbations in flow directions result from the influent–
effluent character of smaller streamswithin the study area. Row-
crop agriculture represents the major land use in the floodplain,
whereas silviculturedominates the landuse in the terraceportion
of the watershed. Eastern Arkansas receives an annual precipita-
tion of 1.2 to 1.4 m (Freiwald, 1985). Reliance on water from the
alluvial aquifer for crop production has increased dramatically
over recent years. The increase in estimated groundwater
withdrawals from 1985 to 1995 was about 45% (Schrader, 2001).

3. Materials and methods

3.1. Site selection

Within the 225 km2 study area three contrasting sites for
nested monitoring wells (two wells at 10 m and 36 m deep
below ground surface, respectively) were selected as a high As
(N50 μg/L) area in the northwest (DRL1), a medium As (10–
50 μg/L) area in the south (DRL2), and a lowAs (b10 μg/L) area in
the northeast (DRL6). These locations for monitoring wells were
selected based onAs backgrounddata (Kresse and Fazio, 2002) of
118 water wells, geologic cross sections prepared from borehole
logs of Arkansas Geologic Commission (AGC), groundwater flow
maps, distribution of surface aquitard, and primary recharge
areas. Three pairs of nested monitoring wells were drilled,
installed, developed, andsampledat theselected sites inFebruary
2006. The capital letter “D” and “S” are used after the site
designation letters (DRL1, DRL2 or DRL6) to describe deep and
shallow monitoring wells (e.g. DRL1S, DRL1D, etc.), respectively.

3.2. Collection of cores

A hollow stem auger drill rig equipped with a 152 cm long
and 7.62 cm outside diameter (O.D.) CME® sampler (steel) was
Table 1
Groundwater parameters measured in the field

Parameters Units Instrument and model

Temperature °C YSI® Model 30 handheld Salinity, Conductance
EC µS/cm
pH Multi Probe Orion® 3-Star portable pH/ORP me
ORP RmV
DO mg/L YSI® 550A Dissolved Oxygen meter
Alkalinity mg/L as

CaCO3

HACH® Digital Titrator

Dissolved S2− µg/L

Fe2+ mg/L

Fe (total) mg/L
Mn2+ mg/L HACH® spectrophotometer (DR 2800)

Inorganic As
speciation

µg/L Separated using Anion exchange columns and

Inorganic and
organic As speciation

µg/L Separated using Anion and Cation exchange co
measured by ICP-MS

Volatile organic and
inorganic C

ppm Thermo® TVA-100B Toxic Vapor Analyzer, whi
Photo Ionization Detector (PID)
used to extract continuous sediment cores to a depth of 12 m.
The same rig equipped with a 46 cm, split-spoon sampler
accepting a 5 cm O.D. steel liner was used to collect cores at
approximately150 cm intervals to a depth of 36.5m. No drilling
fluid was used to minimize borehole contamination. Core
recovery using the CME® sampler was 80% or greater, while a
varying rate of 30% to 90% core recovery was achievedwith the
split-spoon sampler. The lower-volume core recovery was due
to the increase offinesand fractionswhichflowed from the core
barrel even with the use of sediment traps (egg shells or one-
way valves). The extracted cores were collected, wrapped in
aluminum foil, labeled, and transported to the laboratory for
physical and chemical analysis. A sub-sample (about 200 g) of
each core was also separated in the field into plastic Ziploc®
bags, and preserved below 4 °C to provide fresh sample for Fe
speciation, and comparison between extraction procedures
using dry and fresh wet sediments. Sediment samples were
labeled numerically after the monitoring well ID (e.g. DRL1S1,
DRL1S2).

3.3. Monitoring wells

At each site two monitoring wells with 5 cm O.D. PVC pipe
were installed at a depth of 10.6 m and 36.5 m below ground
surface, respectively. The shallow wells were screened from
4.6 to 10.6 m, and the deep wells were screened from 33.5 to
36.5 m. Each aspect of monitoring well installation was com-
pleted by standard procedures (Wayne et. al., 1997) and
complied with federal, state, and local regulations. The depth
to groundwater was measured with a Solinst® Model 101
meter. Accurate groundwater elevation was calculated from
post-processed land-surface elevation data. The land-surface
data, with an estimated precision of ±2 cm, were generated by
survey-grade Trimble® 4000SSE GPS units using the Fast
Static method of data collection. The same GPS units were
used to acquire land-surface elevation data used in the
preparation of a detailed groundwater flow map, which was
based on measurement of depth to groundwater at 174 water
Methods

, and Temperature Meter

ter

HACH Method 8203

HACH 8131
(Methylene Blue)
HACH 8146 (1, 10
Phenanthroline)
HACH 8008 (FerroVer)
HACH 8148 (Periodate
Oxidation)

measured by ICP-MS Edwards et al. (1998)

lumns and Grabinski (1981)

ch uses both Flame Ionization Detector (FID) and
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wells in the study area. The monitoring wells were initially
developed using a PVC bailer attached to the wire-line on the
drill rig, and secondarily using a Redi-Flo® VFD GRUNDFOS
pump.

3.4. Groundwater sampling, field monitoring, and laboratory
analyses

All chemical analyses were performed on groundwater
samples collected from the monitoring wells with a generator-
driven submersible pump (Redi-Flo® VFD GRUNDFOS) in June
2006. Sample collection, handling, and preservation procedures
of United States Geological Survey (Shelton and Chapel, 1994)
were followed to ensure data quality and consistency. Prior to
sample collection, the well was pumped continuously for 30–
45 min until the temperature, electrical conductance (EC), pH,
oxidation–reduction potential (ORP), and dissolved oxygen (DO)
readings stabilized within the accepted guidelines of NAWQA.
After recording readings of these stabilized monitoring para-
meters, a number of other redox-sensitive chemical parameters
including Fe and As speciation, Mn2+, dissolved S2−, volatile
organic carbon (Table 1) were measured in the field.
Table 2
Chemical data for groundwater in the monitoring wells

Parameter DRL1S DRL1D

Water level (m bls) 5.6 5.7
Temperature (°C) 18.5 17.9
EC (µS/cm) 310 306
TDS (mg/L) 209 187
pH 6.11 6.13
Alkalinity (mg/L as CaCO3) 108 135
ORP (RmV) 198 124
DO (mg/L) 0.4 0.08
Hardness (mg/L) 102 61
Total dissolved As (µg/L) 0.73 29.6
As(III) (µg/L) b0.5 10.2
As(V) (µg/L) 0.7 20.3
Particulate As (µg/L) 0.1 0
Total Fe (mg/L) 1.9 41
Fe2+ (mg/L) 0.04 9.2
Fe3+ (mg/L) 1.6 31.8
Particulate Fe (mg/L) 0.24 1.7
Ca2+ (mg/L) 25.4 17.4
Mg2+ (mg/L) 9.3 4.4
Na+ (mg/L) 16.3 11.7
K+ (mg/L) 2 2.6
Mn2+ (mg/L) 2.7 1.5
Cl− (mg/L) 14.2 20.1
SO4

2− (mg/L) 18 2
NO3

−–N (mg/L) 2.25 b0.01
NH3–N (mg/L) 0.03 0.21
PO4–P (mg/L) 0.02 0.03
S2− (µg/L) 2 6
SiO2 (mg/L) 31.7 32.9
Br− (mg/L) 0.08 0.08
Ba2+ (µg/L) 166 198
B3+ (µg/L) 25 13
Fl− (mg/L) 0.4 0.3
Zn2+ (µg/L) 2.7 5.2
V5+ (µg/L) 0.96 0.51
Co2+ (µg/L) 1.95 6.44
Ni2+ (µg/L) 2.7 4.4
TOC (mg/L) 6.2 6.8
VOC (mg/L) b0.1 b0.1
3.5. Collection of groundwater samples for total analysis

A set of four groundwater samples were collected in
100 ml HDPE bottles, that were (1) filtered (0.45 µm) and
acidified (2) not-filtered and acidified (3) filtered (0.20 µm)
and acidified, and (4) filtered (0.45 µm) and not-acidified.
Acidification was achieved by adding concentrated HNO3

(VWR® Omni trace grade) until pH reached 2 or less standard
units. Dissolved cations including Ca2+, Mg2+, Na+, K+, SiO2,
Mn2+, Fe2+, Al3+, Ag, B, Ba, Be, Cd, Cr, Cu, Li, Ni, Mo, Pb, Se, Sb,
Sr, Ti, Zn, V, and Asweremeasured on the acidified samples by
Inductively Coupled Plasma Mass Spectrometer (ICP-MS)
following EPA method 200.8. Dissolved anions including Cl−,
Br−, F−, SO4

2−, NH4−N, NO3
−–N, PO4

3−–P were measured on the
non-acidified samples by Ion Chromatograph following
standard EPA method Anion 300.0. TOC was measured by a
TOC analyzer using the liquid sample module. Filtering was
done using two disposable syringes with filters (0.45 µm and
0.20 µm). Both filtered and non-filtered samples were
analyzed by ICP-MS to identify the difference between the
total and dissolved fraction of metals (e.g. As, Fe) in ground-
water. Two filter sizes (0.45 µm and 0.20 µm) were used to
DRL2S DRL2D DRL6S DRL6D

6.9 6.8 8.4 8.3
19.5 18.5 18.9 18.5
456 426 953 658
261 241 572 382
6.87 6.81 6.84 6.68
215 189 437 300
55 66 −247 −223
0.06 0.06 0.08 0.08
177 164 426 278
12.3 39.7 49.4 1.02
1.14 8.22 5.23 b0.5
11.4 33.9 45.3 1.15
0 2.2 0 0.3
11.5 16.3 8.3 11
7.3 8.5 4.6 5.8
4.2 7.8 2.8 3.9
0.1 0 0.16 0.3
55.6 48.8 130 80
9.4 10.3 24.7 18.9
16.3 17.1 41.8 18.7
1.1 1.4 1.5 1.2
0.5 0.7 0.4 0.7
7.7 7.6 27.1 29.6
1 1.4 46 1.4
b0.01 b0.01 b0.01 b0.01
0.9 0.35 1.1 0.72
0.03 0.05 0.02 0.05
11 51 27 27
31.6 34 34.4 28.3
0.06 0.06 0.14 0.12
215 150 538 388
35 30 42 44
0.3 0.4 b0.01 0.3
2.4 3.8 1.7 1.4
b0.50 b0.50 b0.50 b0.50
0.52 b0.50 b0.50 b0.50
b0.50 b0.50 b0.50 b0.50
6 6.3 11 6.8
0.3 0.5 1.4 0.7
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identify the difference in stripping of metallic ions from the
suspended particles in groundwater. All groundwater sam-
ples were analyzed in the Arkansas Department of Environ-
mental Quality (ADEQ) laboratory, Little Rock, AR. Standard
calibrations were based on standard addition for all dissolved
ions analyzed in the laboratory. Chemical data of groundwater
samples are given in Table 2.
Table 3
As concentration (mg/kg) from Tessier's sequential extraction and a separate single

Depth (m) Lithology Exchangeable Carbonates Amorphous Fe+Mn oxide ox

DRL1
0 Sandy silt b0.037 0.31 0.47
0.3 Silty sand 0.05 b0.37 5.98
0.6 Silty sand b0.037 b0.37 0.45
2.1 Clayey silt b0.037 b0.37 0.38
3 Clayey silt b0.037 b0.37 0.41
4.9 Sandy silt b0.037 b0.37 0.53
6.1 Clayey silt b0.037 b0.37 0.68
7 Clayey silt b0.037 b0.37 0.57
7.6 Silty sand b0.037 b0.37 0.25
8.8 Sand b0.037 b0.37 0.52
10.1 Sand b0.037 b0.37 0.24
13.7 Sand b0.037 b0.37 b0.12
16.8 Sand b0.037 b0.37 0.13
18.3 Sand b0.037 b0.37 0.46
21.3 Clay lens b0.037 b0.37 0.50
24.4 Sand b0.037 b0.37 b0.12
25.9 Sand b0.037 b0.37 0.21
33.5 Sand b0.037 b0.37 0.14
36.4 Sand b0.037 b0.37 0.17
36.6 Clay lens b0.037 b0.37 1.10

DRL2
0.0 Silt 0.07 b0.37 0.99
0.8 Sandy silt b0.037 b0.37 0.44
1.5 Clayey silt b0.037 b0.37 0.49
2.4 Sandy silt b0.037 b0.37 0.99
4.0 Clayey silt b0.037 b0.37 1.14
5.5 Sandy silt 0.06 b0.37 0.46
6.4 Clayey silt b0.037 b0.37 0.61
7.6 Silt b0.037 b0.37 0.56
9.1 Sand b0.037 b0.37 b0.12
10.7 Sand b0.037 b0.37 0.65
12.2 Sand b0.037 b0.37 b0.12
13.7 Clayey silt b0.037 b0.37 b0.12
15.2 Sand b0.037 b0.37 b0.12
18.3 Clay b0.037 b0.37 0.59
21.3 Sand 0.05 b0.37 0.37
30.5 Sand b0.037 b0.37 0.12

DRL6
0.0 Sandy silt 0.07 b0.37 0.28
0.6 Silt b0.037 b0.37 0.28
1.1 Clayey silt 0.08 b0.37 1.45
5.5 Sandy silt b0.037 b0.37 0.27
7.3 Clayey silt b0.037 b0.37 2.22
8.2 Silty clay 0.04 b0.37 0.84
10.4 Clayey sand b0.037 b0.37 0.43
10.7 Clayey sand b0.037 b0.37 0.33
11.0 Silty sand b0.037 b0.37 0.21
12.2 Silty sand 0.04 b0.37 5.10
12.8 Sand b0.037 b0.37 2.02
15.2 Sand b0.037 b0.37 0.25
24.4 Sand b0.037 b0.37 0.64
27.4 Sand b0.037 b0.37 0.17
30.5 Sand 0.06 b0.37 0.26
36.6 Sand 0.06 b0.37 0.24
3.6. Preparation of sediment samples and laboratory analysis

Sealed sections (wrapped in aluminum foil) of the stored
core sampleswere opened and sub-sampled in February 2006
for grain size, porosity, and geochemical analyses. About 100 g
of stored sediment from each core were separated and dried
below 40 °C in an oven. The sediments were crushed by a
extraction of hot HNO3 and H2SO4

ides Organic Hot HNO3 leachable Extraction total Hot HNO3 and H2SO4

0.22 0.75 1.44 1.59
5.25 4.45 16.7 18.1
0.16 1.11 1.73 2.10
0.13 2.09 2.60 2.95
0.15 1.83 2.39 3.01

b0.12 1.07 1.60 3.18
b0.12 1.74 2.42 2.38
b0.12 2.88 3.44 2.63
b0.12 0.79 1.04 4.10
b0.12 1.62 2.18 1.97
b0.12 0.78 1.02 2.09
b0.12 0.23 0.23 b0.5
b0.12 0.25 0.37 b0.5
b0.12 1.04 1.50 b0.5
b0.12 4.55 5.05 0.79
b0.12 0.14 0.14 4.33
b0.12 0.31 0.51 b0.5
b0.12 0.36 0.50 b0.5
b0.12 1.15 1.32 b0.5
b0.12 3.38 4.55 1.35

b0.12 1.99 3.05 3.35
b0.12 1.91 2.59 2.58
b0.12 2.10 3.99 3.68
b0.12 3.40 2.35 3.15
b0.12 2.85 4.39 3.78
b0.12 1.59 2.11 2.58
b0.12 2.58 3.19 1.67
b0.12 1.72 2.28 1.53
b0.12 0.27 0.27 b0.5
b0.12 3.60 4.25 1.80
b0.12 0.27 0.27 b0.5
b0.12 0.13 0.13 b0.5
b0.12 0.13 0.13 b0.5
b0.12 1.37 1.96 0.79
b0.12 1.00 1.42 0.70
b0.12 0.20 0.20 b0.5

b0.12 1.92 2.27 2.42
b0.12 1.79 2.07 2.10
b0.12 5.45 6.98 4.43
b0.12 0.47 0.74 b0.5
b0.12 3.53 5.75 2.38
b0.12 1.92 2.80 1.14
b0.12 0.70 1.12 0.56
b0.12 0.86 1.19 0.56
b0.12 0.46 0.67 b0.5
b0.12 22.8 27.9 9.30
b0.12 2.40 4.42 2.63
b0.12 0.61 0.86 0.68
b0.12 1.83 2.46 1.51
b0.12 0.45 0.62 b0.5
b0.12 0.90 1.22 0.94
b0.12 0.79 1.09 0.91
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conventional porcelain pestle andmortar, and passed through
a 1 mm nylon screen. These screened sediment samples were
used for a sequential extraction procedure for major cations
and trace metals, including As. Grain size analysis was done
with little or no crushing on dried pre-screened samples by
using a micro pipette method (Miller and Miller, 1987). Poro-
sitywasmeasured byweighing 50ml hand-packed sediments
in a graduated cylinder. Water was slowly added to the 50 ml
mark and the sample was shaken to remove air bubbles and
saturate evenly with water. Gravimetric porosity [(1− (ρb/ρs)]
was calculated by mean particle density (ρs=mass of solids/
volume of solids) and dry bulk density (ρb=mass of dry solids/
volume of dry solids). The five-step sequential extraction
(modified from Tessier et al., 1979; Chao and Zhou, 1983;
Miller, 2001) was conducted using 2 g dry sediment. The steps
of the extraction procedures are designed to specific environ-
mental compartments of As and other trace metals in the
sediments, which are as follows:

1. Exchangeable: 16ml of 1M sodium acetate to pH 8.2 for 1 h.
2. Associated with carbonates: 16 ml of 1 M sodium acetate

to pH 5 for 4 h.
3. Attached to amorphous Fe and Mn oxides: 40 ml of 0.25 M

NH2–OH–HCl (hydroxylamine hydrochloride) in 0.25MHCl;
Table 4
Total organic carbon and reduced inorganic sulfur analyses results

Lithology Depth (m) ⁎TC (%) ⁎TIC (%) ⁎TOC (%)

DRL6
Sandy silt 0 ND ND ND
Clayey silt 1.1 1.20 1.04 0.16
Sandy silt 5.8 0.18 b0.1 b0.1
Clayey sand 7.3 0.97 0.16 0.81
Silty clay 8.2 0.84 0.12 0.72
Clayey sand 10.1 0.18 ND 0.18
Silty sand 11 b0.1 ND b0.1
Sand 12.8 b0.1 ND b0.1
Clay lens 24.4 0.17 ND 0.17
Sand 36.6 b0.1 ND b0.1

DRL2
Silt 0.1 0.43 ND 0.43
Clayey silt 1.5 0.11 b0.1 0.11
Clayey silt 6.4 0.16 ND 0.16
Silty sand 6.7 b0.1 ND b0.1
Silt 7.6 0.24 ND 0.24
Sand 10.7 0.67 ND 0.67
Sand 12.2 b0.1 ND b0.1
Sand 21 0.28 ND 0.28
Sand 21.3 b0.1 ND b0.1

DRL1
Sandy silt 0.1 0.17 ND 0.17
Clayey silt 2.1 0.17 ND 0.17
Clayey silt 3 0.20 ND 0.20
Sandy silt 4.9 b0.1 ND b0.1
Clayey silt 6.1 0.10 ND 0.10
Sandy silt 6.4 b0.1 ND b0.1
Sand 10.2 b0.1 ND b0.1
Sand 18.3 b0.1 ND b0.1
Clay lens 18.6 b0.1 ND b0.1
Sand 33.5 ND ND ND
Clay lens 36.6 0.76 ND 0.76

⁎ND: Not detected.
⁎TC: Total carbon, TOC Analyzer, detection limit: 0.1%.
⁎IC: Inorganic carbon, TOC Analyzer, detection limit: 0.1%.
⁎IS: Inorganic sulfide, Canfield method, detection limit: 0.01%.
heat to 50 °C for 30min. The reagents used here are referred
to as “Chao reagent” described in the extraction procedures
of Chao and Zhou (1983).

4. Bound to organicmatter: 6ml of 0.02MHNO3 and 10ml of
30% H2O2 to pH 2 with HNO3; heat to 85 °C for 2 h, and
later 6 ml of 30% H2O2; heat to 85 °C for 3 h.

5. Hot HNO3 leachable: 15 ml of 7 M HNO3 for 2.5 h at 70 °C
for the first 30 min and later at 100 °C for the next 2 h.

The last step of the sequential extraction (hot HNO3 ex-
traction) was used to represent the least environmentally-
available As. A total of 60 sediment sampleswere extracted. Five
duplicates, one gravel-pack sample, a bentonite grout sample,
eight wet sediment samples preserved in the freezer, and two
coarse (N1 mm) sediment samples were also extracted for
quality control and comparison purposes. The extracted
solutions were shipped to the ADEQ laboratory in Little Rock,
Arkansas for analysis by ICP-MS. Sediment extraction data are
listed in Table 3.

3.7. XRD and SEM analysis

Dried sediment samples were powdered using a grinding
mill (RockLabs®) for X-ray Diffractometry (XRD) and Scanning
⁎IS (%) Remarks

⁎ND No sediment sulfide is detected above the water table. Sediment
sulfide is present below the water table. Significant sediment
sulfide is also present in sands at depths.

⁎ND
⁎ND
0.043
b0.01
⁎ND
⁎ND
0.032
b0.01
b0.01

ND
ND
ND
ND
ND
0.047
ND
b0.01
b0.01

ND
ND
ND
ND
ND
ND
ND
b0.01
0.016
ND
0.11



Table 5
Chemical parameters of groundwater generated from 23 irrigation water wells in the research area (Kresse and Fazio, 2002)

Location Date Al As Ba B Cr Cu V Zn Fe Ca Mg Mn K Na SiO2 HCO3

µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

JEF01 5/8/99 0.31 0.005 0.59 0.042 0.003 0.0009 0.0020 0.0012 10.7 143.1 32.4 0.97 2.9 71.9 32.2 514
JEF02 5/8/99 0.28 0.004 0.52 0.042 0.003 0.0007 0.0017 0.0010 7.6 102.1 25.7 0.86 2.1 54.7 32.4 439
JEF03 5/8/99 0.22 0.003 0.33 0.049 0.002 0.0005 0.0015 0.0017 5.5 74.2 20.8 0.37 1.3 31.2 35.3 386
JEF04 7/18/99 0.13 0.003 0.27 0.005 0.000 0.0046 0.0010 0.0010 15.4 48.7 10.1 0.29 1.4 26.1 36.8 224
JEF05 7/18/99 0.13 0.017 0.27 0.005 0.000 0.0005 0.0010 0.0010 23.0 48.5 10.3 0.57 1.5 22.6 35.1 222
JEF09 7/18/99 0.13 0.008 0.78 0.009 0.001 0.0014 0.0010 0.0010 10.5 134.2 33.5 0.84 1.7 64.3 29.4 442
JEF10 7/18/99 0.13 0.002 0.19 0.030 0.000 0.0005 0.0010 0.0016 3.4 48.3 12.4 0.29 0.5 17.9 36.6 240
JEF11 7/18/99 0.13 0.002 0.34 0.024 0.001 0.0011 0.0010 0.0011 5.7 90.6 22.3 1.07 0.5 33.1 28.0 415
JEF12 7/18/99 0.15 0.023 0.37 0.017 0.001 0.0005 0.0011 0.0010 10.5 113.3 20.7 0.66 0.5 12.2 24.7 451
JEF13 7/18/99 0.16 0.003 0.46 0.017 0.000 0.0005 0.0013 0.0020 12.7 100.7 24.6 1.80 0.5 26.6 32.1 464
JEF18 8/8/99 0.13 0.003 0.17 0.005 0.001 0.0005 0.0010 0.0011 15.9 23.6 7.0 0.64 1.9 29.6 32.2 129
JEF19 8/8/99 0.13 0.002 0.21 0.005 0.001 0.0005 0.0010 0.0028 12.4 22.9 5.6 0.35 2.0 23.0 36.7 117
JEF20 8/8/99 0.13 0.003 0.16 0.005 0.001 0.0005 0.0014 0.0027 8.8 21.7 8.2 0.49 2.1 18.5 30.4 128
JEF21 8/8/99 0.13 0.020 0.18 0.005 0.000 0.0005 0.0011 0.0020 8.8 27.7 7.9 1.32 2.0 16.5 51.7 150
JEF22 8/8/99 0.13 0.002 0.16 0.005 0.001 0.0005 0.0010 0.0010 29.0 10.6 4.1 0.53 2.6 10.7 29.6 63
JEF23 8/8/99 0.13 0.002 0.12 0.005 0.001 0.0006 0.0010 0.0032 8.6 38.0 6.9 0.39 2.8 15.6 32.0 172
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Location Br Cl F SO4 NH4–N NO3–N Ortho–P Total–P TOC pH Temp EC TDS Hardness Alkalinity

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L °C µS/cm mg/L mg/L mg/L as CaCO3

JEF01 0.52 116.0 0.33 53.1 0.45 0.01 0.01 0.85 1.91 6.8 17.7 1353 703 491 421
JEF02 0.27 73.2 0.27 28.5 0.38 0.01 0.01 0.67 2.20 6.8 18.0 1000 522 361 360
JEF03 0.10 23.4 0.38 1.4 0.44 0.01 0.01 0.70 2.00 7.0 17.6 670 379 271 316
JEF04 0.14 23.6 0.18 10.3 0.31 0.02 0.03 0.84 1.53 6.7 17.8 451 271 163 184
JEF05 0.13 19.2 0.18 2.8 0.35 0.02 0.06 0.82 1.97 6.7 17.7 421 262 164 182
JEF09 0.42 109.4 0.27 85.2 0.33 0.02 0.01 0.64 1.82 6.8 17.9 1300 746 473 362
JEF10 0.01 11.4 0.25 2.6 0.16 0.02 0.01 0.43 1.82 6.9 18.1 413 247 172 197
JEF11 0.14 34.1 0.37 9.0 0.24 0.02 0.01 0.43 1.90 6.9 17.9 777 406 318 340
JEF12 0.07 12.8 0.23 4.0 0.40 0.02 0.01 0.50 1.84 7.1 18.0 758 402 368 370
JEF13 0.09 12.1 0.28 18.1 0.32 0.08 0.05 0.50 4.68 6.9 17.3 800 443 353 380
JEF18 0.12 22.3 0.20 14.3 0.11 0.20 0.09 0.56 1.23 6.6 17.6 317 220 88 106
JEF19 0.14 18.0 0.20 13.8 0.08 0.21 0.09 0.43 0.53 6.4 17.3 277 211 80 96
JEF20 0.01 10.6 0.20 7.6 0.05 0.87 0.06 0.31 0.33 6.5 17.7 257 199 88 105
JEF21 0.01 8.7 0.21 7.3 0.21 0.20 0.06 0.35 3.01 6.6 17.6 279 227 102 123
JEF22 0.01 9.6 0.08 7.3 0.11 0.02 0.10 0.29 1.20 6.3 17.3 148 168 43 52
JEF23 0.01 6.6 0.23 6.3 0.06 0.03 0.02 0.78 0.58 6.8 17.9 311 215 123 141

Table 5 (continued)
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Electron Microscopy (SEM) analysis. XRD measurements used
Cu Kα radiation and a graphite monochrometer on a Philips®
vertical diffractometer, stepped at 0.5 s/0.02°, from 2 to 100° 2θ.
Iterative identification of minerals in the samples used PC-
APD® Diffraction software of Philips Analytical with search/
match of the referencemineral database and generated powder
patterns. Five sediment samples were magnetically separated
by a Frantz® Isodynamic Separator Model L-1, and were
analyzed by XRD. A subset of the magnetically separated
mineralswasanalyzedbyaHitachi®S-2300 SEMto identify the
nature of crystallinity of magnetic minerals.

3.8. Organic carbon and inorganic sediment sulfur analysis

Thirty sediment samples from three monitoring well sites
were analyzed for total organic carbon (TOC) and inorganic
sediment sulfur. TOCwas analyzedusing a Shimadzu®TOC5050
analyzer equipped with the solid sample module (SSM 5000A).
Reduced inorganic sulfur compounds (pyrite+elemental sulfur+
acid volatile monosulfides) were measured by chromium re-
duction method or Canfield method (Canfield et al., 1986).
Chromium reduction does not reduce or liberate either organic
sulfur or sulfate sulfur, whichmakes the method specific only to
reduced inorganic sulfur phases. Thedetection limits for TOCand
inorganic sediment sulfur were 0.1% and 0.01% of sediment,
respectively. Table 4 shows the results of TOC and reduced
sediment sulfur in the sediments collected from the three coring
sites.

3.9. Groundwater quality data from irrigation water wells

Twenty three of 118 sampled within the study region had
both cation and anion data for groundwater. The other 95
wells had only cation data available (Kresse and Fazio, 2002).
Groundwater samples were labeled numerically after the
initials “JEF” for Jefferson county of Arkansas. Groundwater
samples formetals were filtered through a 0.45 µmpore-sized
membrane andpreservedwith concentratedHNO3 to a pHof 2
or less standard units. These groundwater samples were ana-
lyzed by a plasma optical-emission mass spectrometer
following EPA method 200.8. Temperature, conductance, and
pHweremeasured in the field at the time of sampling with an
Orion™ multifunction portable meter. Dissolved anions
including Cl−, Br−, F−, SO4

2−, NH4–N, NO3
−–N, PO4

3−–P were
measured on thenon-acidified samples by IonChromatograph
following standard EPA method Anion 300.0. Total organic
carbon (TOC)wasmeasured by a TOC analyzer using the liquid
sample module. Table 5 shows the common chemical
parameters of groundwater generated from 23 irrigation
water wells in the research area. The groundwater quality
data from irrigation water wells were lacking several
important redox-sensitive parameters, including As and Fe
speciation, DO, dissolved hydrogen sulfide, and oxidation–
reduction potential. Groundwater quality data including As
and Fe speciation, DO, dissolved hydrogen sulfide, and
oxidation–reduction potential generated from the three
pairs of nested monitoring wells in the research area were
used to supplement the necessary redox-sensitive para-
meters. This provided the basic data necessary for more
detailed interpretation about arsenic release,mobilization and
transport within the alluvial aquifer.
3.10. Geochemical modeling

The surface complexation modeling (SCM) of PHREEQC
(Parkhurst and Appelo, 1999) was used to predict the dif-
ferences between the sorbed As in HFO derived from se-
quentially extracted chemical data and model simulations. The
Diffuse Layer model (DLM) of Dzombak and Morel (1990) was
used to simulate surface complexation reactions. The only
model sorbent was selected as HFO (e.g. ferrihydrite). Hydrous
aluminum and manganese oxides may be important where
these oxide phases are abundant relative to HFO and under
chemical conditions where HFO phases are unstable (Rochette
et al., 1998). Quantitatively HFO is the dominant sorbent phase
in aquifer sediments compared to hydrous Al and Mn oxide
phases (Welch et al.,1999). Detailedmethodology and results of
SCM are presented elsewhere (Sharif, 2007).

The PHREEQC was also used for inverse geochemical
modeling. Groundwater analyses data from Kresse and Fazio
(2002) was used in the model, rather than groundwater data
from the nested monitoring wells, as the larger data set
facilitated the selection of optimal initial and final endpoints
along the dominant flow path direction (NW–SE) on the high-
precision water level contour map in the area. Potential
phases were included into the model from XRD and SEM
analysis of sediment samples. Detailed methodology and
results of inverse modeling are presented in a separate paper
(Sharif et al., 2008).

4. Results

4.1. Lithology

Interpretation of more than 300 water-well logs in the
database of the AGC shows that the study area is overlain by an
aquitard of varying thickness (b6 to 12m) and porosity (b15 to
30%). The borehole data from the six borings completed for the
present study were compared to the nearby AGC borehole data
and showed good similarity between the two lithologic data
sets. Spatial distribution of porosity and permeability of the
surface aquitard varies significantly due to the spatial distribu-
tion of varying proportions of sand, silt, and clay size particles in
the lithologic units. Interpretation of grain size analyses data
from the collected cores of six borings reveals varying pro-
portion of silty clay, silty sand, clayey silt, clayey sand, sandy silt,
sand, and silt in the lithologic units. The surface aquitard at
DRL1 andDRL2 sites ismainly composed of silty sandand sandy
silt, as opposed to the more abundant silty clay or silt units
encountered at the DRL6 site. As such, the vertical hydraulic
conductivity is higher atDRL1andDRL2 sites compared toDRL6
site. Surface aquitard thickness is 8 to 12m in aNW–SE trending
strip (awidth of 5 km)with aNE–SWelongatedextension in the
study area (Fig. 2). Surface aquitard thickness outside this strip
is b8 m. At DRL1 and DRL2 sites, the surface aquitard is b9 m
below the ground surface, whereas it extends N12m below the
ground surface at DRL6 site. A sequence of medium to coarse
sands with abundant gravels was encountered below the
aquitard to total depth of drilling (36.5m) at all sites. Occasional
thin layers (0.1 to 0.5m)of intercalatedfine sands and silty clays
were observed throughout the drilling profile. For this study,
the saturated sediments below the surface aquitard are referred
to as “alluvial aquifer”.



Fig. 4. Percentage of sand (sand-sized particle) is negatively correlated to As
in sediments. (a) A scatter plot between percentage of sand (sand-sized
particle) and As (mg/kg) in sediments extracted by Chao reagent (r=−0.58).
(b) A scatter plot between percentage of sand (sand-sized particle) and As
extracted by HNO3 (−0.60). Total number of sediment sample (n) is 53.

Fig. 3. Percentage of clay (clay-sized particle) is positively correlated to As in
sediments. (a) A scatter plot between percentage of clay (clay-sized particle)
and As (mg/kg) in sediments extracted by Chao reagent (r=0.51). (b) A scatter
plot between percentage of clay (clay-sized particle) and As extracted by
HNO3 (r=0.65). Total number of sediment sample (n) is 53.
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XRD analyses confirm the presence of various minerals,
including quartz, orthoclase feldspar, calcite, dolomite, fluorite,
gypsum, goethite, hematite, magnetite, kaolinite, ferruginous
smectite, illite, and chlorite. No Al and Mn oxide phases are
identified by XRD analysis. SEM analysis of magnetic minerals
mostly shows a varying nature of crystallinity from fully crys-
tallinewith sharp or broken crystal faces to poorly crystalline or
amorphous. SEM analysis of magnetic minerals shows the pre-
sence of both amorphous and crystalline phases of Fe oxide and
oxyhydroxide minerals as separate grains as well as Fe oxide/
oxyhydroxide coatings on detrital grains.

4.2. Sediment geochemistry

Arsenic extracted from amorphous Fe and Mn oxides and
oxyhydroxides leached by Chao reagent varies from b0.1 to
6 mg/kg. Hot HNO3 leachable As varies from 0.13 to 23 mg/kg
with an average of 2 mg/kg. Sediments rich in clay size
particles have more As compared to sediments rich in sand-
sized particles in both the Chao reagent and hot HNO3-leach-
able extracts. Percentage of clay (clay size particles) is po-
sitively correlated to As extracted by Chao reagent and hot
HNO3 (Fig. 3); whereas, percentage of sand is negatively
correlated to As extracted from both Chao reagent and hot
HNO3 (Fig. 4). Surface aquitard and intercalated lenses in
sandyaquifers rich infine sediments are always rich in Aswith
an average of 0.9mg/kg extracted by Chao reagent and 2.4mg/
kg extracted by hot HNO3, respectively. Medium- to coarse-
grained sandyaquifers are low in Aswith an average of 0.3mg/
kg extracted by Chao reagent and 0.75 mg/kg extracted by hot
HNO3, respectively. About 20% of the total As (sum of As
extracted from five steps sequential extraction) is complexed
with amorphous Fe and Mn oxides and oxyhydroxides. Ex-
changeable As is not significant in deeper sediments (N1 m
deep), but significant exchangeable As (0.04–0.07 mg/kg) is
present at shallow depth (0–1 m deep) at all the three coring
sites. No significant As is extracted from either carbonate or
organic materials, except at shallow depth (0–1 m) in DRL1
site. Themajority of the analysis of As in the sediment extracts
for the exchangeable, carbonates, and organic fractions were
b0.5 µg/L, whichmay in part be due to excess dilution of these
extracts prior to analysis. The sediment extracts were diluted
at a ratio of 1:30 due to exceptionally high Na+ in the extracts,
which caused build up of salts (especially Na+) in the flow line
of the ICP-MS. After accounting for the dilution factor and
converting liquid concentration (µg/L) to solid-phase concen-
tration (mg/kg), the lowest detection limit of As in the
sediment were as follows: exchangeable (0.037 mg/kg), car-
bonates (0.375 mg/kg), amorphous Fe and Mn oxides
(0.125 mg/kg), organic (0.125 mg/kg), and hot HNO3 leachable
(0.125 mg/kg). There was variation in As concentration
between extraction procedures using dry and fresh wet
sediments. There was no trend in the variation of As
concentration between the two procedures. The variation of
As concentrationwas ±22% in Chao reagent extracts and ±19%
in hot HNO3 extracts, respectively.

Significant Fewas extracted fromboth organicmatter (5mg/
kg to 1.6 g/kg) and carbonates (below detection to 230 mg/kg).



Fig. 5. Relationship between As and Fe in sediments. (a) A scatter plot
between As (mg/kg) and Fe (mg/kg) in sediments extracted by Chao reagent
(r=0.83). (b) A scatter plot between As (mg/kg) and Fe (mg/kg) in sediments
extracted by HNO3 (r=0.85). Total number of sediment sample (n) is 60.

Fig. 6. Vertical distribution of As and Fe (II)/Fe in sediments. (a) A scatter plot
between depth (m) and As (mg/kg) in sediments extracted by Chao reagent
(r=−0.45). (b) A scatter plot between depth (m) and Fe (II)/Fe (the ratio of Fe
concentration in the extracts of Chao reagent and HNO3) in sediments
(r=0.56). Total number of sediment sample (n) is 57.
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Fe was also extractable from the exchangeable fraction in the
range of b1 mg/kg to 26.5 mg/kg. The amount of solid-phase Fe
extracted by Chao reagent and hot HNO3 varies from 64 to
10,000 mg/kg and 500 to 23,000 mg/kg, respectively, with pro-
portionally less Fe at depth.

4.3. Association of solid-phase As with Fe in the sediments

Arsenic is positively correlated to Fe extracted by both
Chao reagent and hot HNO3 in the sediments (Fig. 5). The ratio
between the concentration of Fe extracted by Chao reagent
(reducible Fe by Chao reagent or 0.25 M NH2–OH–HCl in
0.25 M HCl) and hot HNO3 (Fe liberated by hot HNO3) (herein
referred to as the ratio of Fe (II)/Fe) is positively correlated to
depth (Fig. 6). The ratio of Fe (II)/Fe is positively correlated to
As extracted by Chao reagent and negatively correlated to As
extracted by hot HNO3 (Fig. 7).

4.4. Groundwater geochemistry

Groundwater pH is predominantly near neutral to slightly
alkaline (pH 6.1–7.1) with very low DO (DO 0.08–0.4 mg/L).
Measurement of ORP expressed as relative millivolt (RmV)
shows the research sites fall in the zone of suboxic to anoxic
conditions (Langmuir et. al., 2005). Significantly mildly oxidiz-
ing to moderate reducing conditions (ORP 55–198 RmV) were
observed at DRL1 (DRL1S and DRL1D) and DRL2 (DRL2S and
DRL2D) siteswith a relatively thin surface aquitard composed of
silty sand and sandy silt. Compared to the redox zonation map
of Langmuir et al. (2005), important redox reactions in this
environmentare considered tobe: (1) reductionofNO3

− toN2 (2)
reduction of solid Mn (IV) oxide→ aqueousMn2+ (3) reduction
of solid Fe (III) oxide → aqueous Fe2+, and (4) oxidation of
organic matter.

Strongly reducing (ORP −223 to −247 RmV) conditions were
detected at DRL6 (DRL6S and DRL6D) site with relatively thick
surface aquitard composed of silty clay or silt. Important redox
reactions in this environmentare considered tobe: (1) reduction
of solid Fe (III) oxide→ aqueous Fe2+ (2) reduction of SO4

2− to S2−

(3) ammonification of N2→NH4
+ (4) oxidation of organicmatter,

and (5) possible methanogenesis or CH4 fermentation.
The groundwater in the area is generally Ca2+–HCO3

− type
(Fig. 8) with Ca2+ (11–143 mg/L) and HCO3

− (63–533 mg/L) as
major cation and anion, respectively. The total dissolved solid
(TDS) concentrations increase 3- to 4-fold along the do-
minant flow path in a south easterly direction. This large
range of TDS reflects the variation of mainly HCO3

− and Ca2+,
and to a lesser extent SO4

2−, Cl−, and Fe. TDS, as well as major
ions (except Cl−, SO4

2−, and Fe2+), are higher in each of the
three shallowwells as compared to the deep counterparts for
each of the nested wells. Considerable variability is noted in
the concentration of Na+ (11–72 mg/L), Mg2+ (4–34 mg/L),
and Mn2+ (0.4–2.7 mg/L) in the groundwater. The concentra-
tions of SO4

2− (1–85 mg/L) and Cl− (7–116 mg/L) are highly
variable spatially. The concentration of SO4

2− varies from
46 mg/L to 1.4 mg/L at DRL6 site in the shallow (DRL6S) and
deepwell (DRL6D), respectively. The concentration of NO3

−–N
(b0.01–2.25 mg/L) is generally low. The concentration of
NH4–N is generally low (0.03–1.1 mg/L) with the relatively
high values in areas of thick surface aquitard (e.g. 1.1 mg/L at



Fig. 7. Relationship between the ratio of Fe (II)/Fe and As in sediments. (a) A
scatter plot between As (mg/kg) extracted by Chao reagent and Fe(II)/Fe (the
ratio of Fe concentration in the extracts of Chao reagent and HNO3) in
sediments (r=0.76; n=42). (b) A scatter plot between As (mg/kg) extracted
by HNO3 and Fe(II)/Fe in sediments (r=0.3; n=46).
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DRL6S). Dissolved S2− is detectable in all themonitoringwells
with relatively higher concentrations at the DRL2 and DRL6
sites. TOC concentrations (0.5–11 mg/L) in groundwater are
highly variable. Volatile organic carbon (VOC) concentrations
at the well head of DRL6S (VOC 1.4 ppm) was the highest
compared to other wells (VOCb0.1–0.7 ppm) in the area.

Concentrations of Fe2+ in the groundwater range from 0.04
to 29 mg/L. Fe speciation data in the groundwater at three
monitoring well sites show that significant Fe3+ (2 to 32mg/L)
is present in all the monitoring wells, with the highest
concentration at DRL1D (32mg/L). Significant particulate Fe is
present in all the monitoring wells. Arsenic concentration in
the area is highly variable (b0.5–77 µg/L). Speciation data of
As in the groundwater at three monitoring well sites shows
that As5+ dominates over As3+ in groundwater. Organic As
(MMAA and DMAA) was b0.5 µg/L in all the monitoring wells.
Particulate As is not significant in the groundwater. The high-
est As concentration (77 µg/L) was found in an irrigation
water well near to DRL1 site. In the three monitoring well
sites, the highest and lowest As concentration were detected
in DRL6S (49.4 µg/L) and DRL1S (0.73 µg/L), respectively. A
very low As concentration was recorded at DRL6D (1 µg/L).
Higher concentrations of As were detected in the deep mo-
nitoring wells compared to shallow monitoring wells in DRL1
and DRL2 sites, whereas lower concentrations of As were
encountered at the deep well compared to the shallowwell at
DRL6 site.
4.5. Association of different chemical parameters in groundwater

The concentration of (Ca2++Mg2+ meq/L) and (HCO3
−+SO4

2−

meq/L) in groundwater shows that both carbonate and
silicate dissolution are present in the area. Localized gypsum
dissolution contributes both Ca2+ and SO4

2− in groundwater.
The Ca2+ released by the dissolution of gypsum leads to the
precipitation of additional calcite and an increase in CO2,
which leads to a slightly lower pH and supersaturation or near
equilibrium of calcite in the groundwater. This phenomenon
is referred to as common ion driven precipitation or common
ion effect (Back and Hanshaw, 1970; Langmuir, 1997) and is
present in the area (Sharif et al., 2008). The common ion effect
of gypsum dissolution and calcite precipitation is often
accompanied by dolomite dissolution, leading to the observed
increase in Mg2+ in groundwater (JEF1, JEF2, JEF3, JEF9, JEF11,
JEF12, JEF13, and DRL6S). Gypsum is controlling Ca2+ so-
bluility where SO4

2− concentration is relatively high. An
increase in Na+/Cl− ratios results in decreasing (Ca2++Mg2+)/
HCO3

− ratios that are consistent with cation exchange along
with high Na+/Cl− ratios in the groundwater. The concentra-
tions (meq/L) of Na+ and Cl− in groundwater provide evidence
that halite dissolution is not a major process controlling Na+

and Cl− in groundwater. Na+ is comparatively higher than Cl−

in the majority of the wells, this provides evidence of silicate
dissolution and cation exchange, rather than dissolution of
halite (Kresse and Fazio, 2002; Sharif et al., 2008). Anaerobic
decay of organic matter and SO4

2− reduction (both reaction
release CO2) are controlling the SO4

2− concentration in ground-
water and subsequent increase in HCO3

− and decrease in pH.
HCO3

− is always higher than equivalent Ca2+, which is an
indication that some HCO3

− is also coming from processes
other than calcite dissolution, or the Ca2+ is lost in the cation
exchange reactions. Dissolution of silicate (albite) and oxida-
tion of organic matter may have produced the excess HCO3

− in
the groundwater. The concentration of HCO3

− has positive
correlations with Ca (Fig. 9a), NH4–N (Fig. 9b), TOC (Fig. 9c),
and As (Fig. 9d).

As3+ positively correlates to Fe2+, Fe3+, and Fetotal in ground-
water (Fig.10a). As5+ shows less positive correlation to Fe2+, Fe3+,
and Fetotal (Fig.10b). Total As also shows less positive correlation
to Fe2+, Fe3+, and Fetotal (Fig. 10c). Decreasing redox (RmV)
positively correlated to As5+ and As total, whereas redox (RmV)
does not correlate to As3+ in groundwater (Fig. 10d).

4.6. Geochemical modeling

Saturation Indices data (MINTEQA2) denotes that the
groundwater system of the area is super-saturated with mag-
netite, pyrite, and quartz (Table 6). The area is under-saturated
with respect to hematite, goethite, ferrihydrite, siderite,fluorite,
halite, calcite, gypsum, barite, sphalerite, FeS (ppt). Calculation
of log [{gypsum}/{(Ca2+)}] and log (calcite)/ (Ca2+)] shows that
gypsum is controlling Ca2+ solubility where dissolved SO4

2− is
relatively high (e.g. DRL1S and DRL6S), whereas calcite is
controlling Ca2+ solubility in other monitoring wells where
dissolved SO4

2− is relatively low (e.g. DRL2S and DRL2D). Inverse
geochemical modeling of PHREEQC was simulated along the
dominant flow path to account for reasonable phase mole
transfers that produce the changes inwater chemistryalong the
flow path. The dissolution of HFO and precipitation of sulfide



Fig. 8. Piper's (1944) diagram of the geochemical evolution of groundwater in the area.
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minerals canbeexplainedby thephasemole transfers along the
flow path. The nature of dissolution and precipitation of gyp-
sum, calcite, fluorite, barite, siderite, and cation exchange
reactions are also explained by the inverse modeling along the
flow path (Sharif et al., 2008).

The SCM results are quite unsatisfactory at depths of 21–
36.5 m, as the model over predicts 4 to 24 times the observed
sediment As, when using ferrihydrite or goethite as a potential
sorbent. At depths of 0–10 m, the model predicts 53% of the
observed As in sediments extracted from Chao reagent, when
using ferrihydrite as the sorbent phase. At depths of 10–17 m,
the model provides the best overall prediction of 92% of the
observed As in sediments extracted from Chao reagent, when
using ferrihydrite as the sorbent phase. At depths of 0–17 m,
the model's prediction capacity is about 81% of the observed
As in sediments extracted from HNO3, when assuming
goethite as the sorbent phase (Sharif, 2007).

5. Discussion

5.1. Geochemical evolution of groundwater

Geochemical evolution of groundwater in the study area is
similar to that of groundwater in alluvial settings in different
parts of the world (Chapelle and Lovley, 1992; Bhattacharya,
2002; O'Day et al., 2004; Jungho et al., 2006). Near the recharge
area, groundwater is oxygenated. DO concentrations decrease
along the flow path, presumably due to consumption by
aerobic microbes (and the oxidation of organic matter). Spe-
cific types of microbial activity, most notably aerobic respira-
tion and Fe oxide reduction, lead to a net generation of acid,
but reaction of groundwater with minerals, especially
carbonate minerals, in the aquifer consumes the acid, driving
up pH, which controls the chemical evolution of the ground-
water. The rate of microbial respiration and creation of dif-
ferent redox zones favorable for specific microbes is not
directly dependent on the relative richness of dissolved
organic matter. Instead initial fermentation has been identi-
fied as a factor limiting the rate of microbial respiration in
different redox environments (Boudrea and Ruddick, 1991;
Postma and Jakobsen, 1996). Once DO is depleted, ground-
water enters a zone rich in dissolved Fe2+, likely supplied by
Fe reducing bacteria (by reducing HFO). Next, the ground-
water enters a relatively Fe-poor zone inwhich SO4

2− reducing
bacteria are believed to predominate (Jungho et al., 2006).
According to the inverse modeling calculation, the major
processes affecting groundwater composition along the flow
path are the dissolution of calcite, gypsum, barite, fluorite,
HFO, cation exchange reactions of Ca2+ for Na+ on exchange
sites, and precipitation of sulfide (Sharif et al., 2008).
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5.2. Mechanisms controlling as mobility

Total solid-phase As concentrations (an average of 2 mg/kg)
measured in the study area are comparable to those measured
in other As-affected areas in Bangladesh (Ahmed et al., 1998,
2004; Nickson et al., 2000; BGS & DPHE, 2001), India
(Bhattacharya et al., 1997; Acharyya et al., 2000), Vietnam
(Berg et al., 2001), and USA (Smedley and Kinniburgh, 2002).
These ranges of solid-phase As concentrations are actually
Fig. 9. Relationship between HCO3
− and Ca2+, NH4–N, TOC, and As in

groundwater. (a) A scatter plot between Ca2+ (mg/L) and HCO3
− (mg/L). (b) A

scatter plot betweenNH4–N (mg/L) andHCO3
− (mg/L). (c) A scatter plot between

TOC (mg/L) and HCO3
− (mg/L). (d) A scatter plot between As (µg/L) and HCO3

−

(mg/L).

Fig. 10. Arsenic speciation and its relations to Fe speciation and redox
condition in groundwater. (a) A scatter plot between As3+ and Fe (II), Fe (III),
and Fe (Total). (b) A scatter plot between As5+ and Fe (II), Fe (III), and Fe
(Total). (c) A scatter plot between As (Total) and Fe (II), Fe (III), and Fe (Total).
(d) A scatter plot between RmV and As5+ and As (Total).



Table 6
Saturation Indices data of minerals (super-saturated phases are allowed to precipitate) by MINTEQA2

Minerals DRL1S DRL1D DRL2S DRL2D DRL6S DRL6D JEF10 JEF13 JEF19 JEF21 JEF23

SI SI SI SI SI SI SI SI SI SI SI

Sphalerite −5.0 −4.0 −4.0 −4.0 ⁎SS ⁎SS −4.46 ⁎SS −5.49 ⁎SS −5.40
FeS (ppt) −13 −12 −9.5 −10 −4.5 −5.0 −9.85 −2.29 −11.1 −2.65 −7.86
Ferrihydrite −3.9 −3.9 −6.1 −6.1 −6.0 −5.9 −6.01 −6.01 −5.22 −5.78 −6.14
Goethite −1.2 −1.2 −3.4 −3.4 −3.2 −3.1 −3.26 −3.25 −2.45 −3.02 −3.80
Hematite ⁎SS ⁎SS −4.4 −4.3 −4.0 −3.9 −4.15 −4.14 −2.54 3.67 −4.39
Siderite −3.9 −4.0 ⁎SS −0.03 ⁎SS −0.2 −0.29 ⁎SS ⁎SS −0.60 ⁎SS
Fluorite −1.8 −2.1 −1.8 −1.5 −4.5 −1.6 −1.91 −1.60 −2.80 −2.25 −2.05
Halite −8.2 −8.2 −8.5 −8.5 −7.6 −7.9 −8.26 −8.08 −8.06 −8.40 −8.26
Calcite −1.9 −2.2 −0.5 −0.7 ⁎SS −0.5 −0.58 −0.05 −0.40 −1.33 −0.92
Gypsum −3.7 −5.4 −4.0 −3.8 −2.9 −4.7 −3.25 −2.23 −3.30 −2.96 −2.92
Manganite −9.0 −9.5 −9.0 −9.0 −14 −14 −8.92 – −9.83 – −8.14
Barite −1.0 −2.6 −1.6 −1.4 −0.4 −5.5 −0.80 ⁎SS −0.38 −0.28 −0.49

Pyrite, magnetite, and quartz are super-saturated in all wells.
⁎SS: Super-saturated.
Saturation Index (SI)= log [Ion Activity Product (IAP)] / [Equilibrium Constant (KT) at temperature T. Phases are constrained to be present either super-saturated or
under-saturated. Saturation Indices were calculated by the computer program MINTEQA2 v. 1.50 (Allison et al., 1991). MINTEQA2 program uses built-in
thermodynamic databases with the program itself (THERMO.DBS, TYPE6.DBS, REDOX.DBS, and GASES.DBS).
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within the average crustal abundanceofAs reported indifferent
parts of the world (Cullen and Reimer, 1989; Smedley and
Kinniburg, 2002). This fact has led many researchers to
conclude that high dissolved As concentrations in the aquifer
are not due to the elevated solid-phase As concentrations in the
sediments of As-affected aquifers (Nickson et al., 2000;
McArthur et al., 2001, 2004).

The geochemistry of the research area is characterized by
the following factors that affect aqueous As concentrations:
(1) suboxic to anoxic redox conditions with no significant DO
andNO3

−–N, (2) presence of significant dissolved TOC, VOC, S2−,
(3) mutual exclusivity between As and SO4

2− (Kresse and Fazio,
2003), general association between dissolved As species, Fe2+,
and NH4–N, (5) presence of 20% total solid-phase As in amor-
phous Fe andMnoxides in sediments, (6) positive correlations
between solid-phase As with Fe and Fe (II)/Fe in the sediment
extracts, (7) presence of amorphous HFO phases by XRD and
SEM, (8) negative saturation indices of HFO phases and calcite.
All these factors provide evidence for HFO reduction via
respiration of organic matter, and concomitant release of
sorbed and co-precipitated As into groundwater, as has been
noted as the cause for As mobilization in the Holocene aquifer
systems in Bangladesh, India, and other As-affected parts in
the world (Bhattacharya et al., 1997, 2004; McArthur et al.,
2004; Swartz et al., 2004; Zheng et al., 2004, Saunders et al.,
2005).

The major contribution to increasing TDS along the flow
path is primarily from the dissolution of carbonate minerals (as
a reaction product of mainly HCO3

− and Ca2+), with minor
contributions from SO4

2−, Cl−, Fe, and Na+. There may be some
relation to the release of these elements (increase of TDS) and
the association of As in the groundwater. Significant amounts of
TOC and VOC were detected in the groundwater of the study
area. The present study and regional data (Aslan, 1994) show
the richness of organic matter (below detection to 1% TOC) in
the sediments of theMississippi River Valley alluvial aquifer. No
reduced sulfur phases (e.g. pyrite or sediment sulfide) in
sediments were detected above the water table. But, reduced
sulfur phases (below detection to 0.04%) in sediments were
presentbelow thewater table. Significant reduced sulfur phases
were also present in sands at depth. The ratio of concentrations
inmeq/L between HCO3

− and (Ca2++Mg2+) is greater than one in
all the groundwater samples. An increase in Na+/Cl− ratios
results in decreasing (Ca2++Mg2+)/HCO3

− ratios (r=−0.73), and
the increase in Na+ at the expense of Ca2+ provides evidence for
cation exchange of Ca2+ and Mg2+ in place of Na+ on the
exchange sites (all ion concentrations are in meq/L). The
possibility that at least some HCO3

− is generated from oxidation
or respiration ofmicrobes cannot be ignored. The concentration
of HCO3

− has positive correlations with Ca2+, NH4–N, and TOC.
These correlations may be explained by respiration of organic
matter (TOC) producing NH4–N and CO2, with the later causing
calcite dissolution. The degradation of organic matter, or
respiration of organic matter by microbes, produces the
essential electron donor (redox driver) to reduce HFO phases
and release complexed As into groundwater. Mobilization of As
may also occur by competition between As and HCO3

− for the
same sorption sites on HFO, as has been postulated an im-
portant cause for high dissolved As in groundwater in Bang-
ladesh (Appelo et al., 2002). The surface complexation model
simulation for the present research also shows that HCO3

− is one
of the most important competitive surface species for As on
HFO phases (e.g. ferrihydrite, goethite).

5.3. Spatial and vertical distribution of as in the area

Spatial variability of As in groundwater is controlled by
sediment geochemistry, recharge potential, thickness of surface
aquitard, local flow dynamics, and the degree of reducing con-
ditions in the aquifer. Lithologic heterogeneity is thought to be
the most important control on the spatial variability in the
distribution of As. The lithologic heterogeneity can be influ-
enced by (1) the surface aquitard heterogeneity and variation in
thickness leads to variation in recharge, localized dilution, and
confinement, resulting in varying redox conditions in the aqui-
fer affectingAs release; (2)fine-grained intercalated lenses (silty
clay, clayey silt, silt) in the aquifer are several orders of
magnitude high in As and organic carbon compared to coarse
aquifer sands and are particularly favorable to As release. There
arepossibilities that somewell screensare locatednearor below



Table 7
Spatial variation of redox environments controlling dissolved As in groundwater

DRL1S DRL1D DRL2S DRL2D DRL6S DRL6D

Redox environment
controlling
As release into
groundwater.

No HFO reduction. HFO reduction. HFO reduction. HFO and SO4
2−

reduction
is equally
important.

SO4
2− reduction

competes over
HFO reduction.

Mn (IV) oxide reduction.
As liberated from the
reduction of Mn (IV)
oxide is readsorbed
on the existing HFO,
which ensures very low
As in groundwater.

Reduction of SO4
2−

is present at low scale.
Co-precipitation of S2−, Fe2+

and As present at low scale,
which may be an important
limiting factor for As release
into groundwater.

Reduction of SO4
2− is

presentat lowscale.
Co-precipitation of
S2−, Fe2+ and As
presentat lowscale,
which may be an
important limiting
factor for As release
into groundwater.

Co-precipitation
of S2−, Fe2+ and
As may be an
important
limiting factor for
As release into
groundwater.

Liberated As is
readsorbed on the
existing HFO phases.
Co-precipitation
of S2−, Fe2+ and
As may be an important
redox process
ensures very low
As into groundwater.
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these lenses, whereas others are far from these lenses;
(3) medium- to coarse-grained aquifer sands are generally less
heterogeneous and have a spatially uniform As content.
Irrigation wells can redistribute As concentrations and redox
zonation by lowering water level, adding oxidants which can
immobilize dissolved As, supplying organic carbon from surface
or organic-rich nearby lenses, or flushing dissolved As from the
nearby potential source area (where reductive dissolution of
HFO is active) through the well. The presence of a mildly
reducing Eh (transition between oxic and anoxic conditions),
depleted DO and NO3

––N, presence of NH4–N, Fe2+, Mn2+, As3+,
As5+ and dissolved organic carbon indicates an active zone of
HFO reduction inDRL1D,DRL2S, andDRL2D sites. ComplexedAs
is released from reductive dissolution of HFO phases into the
ambientporewateror groundwater in these areas. At conditions
where S2− and Fe2+ are stable, the concentration of dissolved As
may be controlled by the solubility of sulfide phases, and there-
fore depends on the presence and degree of SO4

2− reducing
conditions. Kresse and Fazio (2003) used analyses from 118
irrigation wells in the Bayou Bartholomew watershed which
showed that dissolved SO4

2− andAs concentrationweremutually
exclusive on scatter plot. So, the fate of As released into
groundwater by reductive dissolution of HFO is controlled by
the intensity of SO4

2− reducing conditions. The aquifer at DRL6 is
characterized by a thick surface aquitard having low perme-
ability and low recharge potential, resulting in more reducing
conditions, as indicated by highly reducing Eh, insignificant DO
and NO3

––N, presence of significant NH4–N, Fe2+, and S2−. This
condition is favorable for SO4

2− reduction and concomitant co-
precipitationof dissolvedAs into sulfidephases (DRL6S). Further
stronger reducing condition supports a redox environment
where SO4

2− reduction out competes HFO reduction, and all
dissolved As can be sequestered into solid sulfide (DRL6D).
Table 7 shows a brief description of the spatial variation of redox
environments controlling dissolved As in groundwater at the
three monitoring well sites.

The surface complexationmodelwas relatively successful in
predicting As in sediments at shallow depth where sediments
aremostlyfine-grained. But, themodelwasquite unsatisfactory
for the deep sandy sediments.

6. Conclusion

The recharge potential, variation of lithology, thickness and
permeability of the surface aquitard, irrigation pumping, and
local flow dynamics have positive relations to the spatial and
vertical distribution of redox zones in the subsurface. The
spatial and vertical distribution of redox zones is one of the
most important factors controlling the spatial, vertical, and
temporal variation of As in groundwater. Significant total As
(20%) is complexed with amorphous HFO and Mn Oxides
throughout the depth profile. Arsenic is not significant in car-
bonate and organic materials. Significant exchangeable As is
present at shallowdepth at all sites. As is positively correlated to
Fe extracted by Chao reagent and hot HNO3. Increasing depth
has positive relation to the ratio of Fe (II)/Fe, but it has negative
relation to As extracted by Chao reagent. The ratio of Fe (II)/Fe is
positively correlated to As extracted from Chao reagent.
Although the ratio of Fe (II)/Fe increases with depth, the
amount of reducible Fe (extracted by Chao reagent) decreases
noticeably with depth. So, the amount of reducible or active
HFO, aswell as complexedAsdecreaseswithdepth. Possibilities
of historic flushing of significant labile As and Fe derived from
reductive dissolution of HFO by advective transport, and having
less sorbing capacity of HFO phases due to loss of surface area
and reactive surface sites caused by increasing crystallinity
(ferrihydrite to goethite) over time at depth can not be ignored.
Gypsum solubility led by common ion effect and simultaneous
SO4

2− reduction are controlling the amount of dissolved SO4
2− in

groundwater. As+5 and Fe2+ species dominate in the ground-
water. Arsenic is released as As+5 into groundwater, part of
which is later reduced to As+3 in a more strongly reducing
environment (Zobrist et al., 2000; Stollenwerk, 2003). Although
particulate As is very low, significant particulate Fe is present,
which may facilitate co-transfer of As through groundwater
flow or recharge into deep aquifers.

Different redox zones are characteristic in the area. At DRL1S,
it is anticipated that HFO reduction is not an important redox
reaction in the groundwater, while some Mn (IV) oxide may
undergo reductive dissolution. The presence of the highest
amount of Mn2+ and very low Fe2+ in thewell signify dissolution
of Mn (IV) oxide. Any As liberated from the reductive dissolution
of Mn (IV) oxide is readsorbed on the existing HFO phases which
ensures very low As concentration in well DRL1S. DRL1D and
DRL6D are characterized by reduction of HFOwith simultaneous
reduction of SO4

2−. DRL2 (DRL2S and DRL2D) is characterized by
reduction of HFO with some degree of SO4

2− reduction. The
presence of significant amounts of dissolved S2− and Fe2+ in DRL2
and DRL6 indicates that SO4

2− reduction and co-precipitation of
sulfide and As might be an important limiting process of
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dissolved As into groundwater at these sites. The relative rate of
HFO reduction over SO4

2− reduction with simultaneous co-
precipitation of As into sulfide phase is the dominant biogeo-
chemical redox reactions controlling dissolved As in ground-
water. In the presence of abundant reactive HFO minerals, Fe3+

reducing bacteria may out-compete SO4
2− reducing bacteria (Kirk

et al., 2004). The relatively high rate of HFO reduction over SO4
2−

reduction ensures high As concentration in the groundwater at
DRL1D, DRL2S, DRL2D, and DRL6S. Again, if the amount of
reactive HFO is limited, a mixed metabolic redox zone may
develop that allows simultaneousHFOandSO4

2− reduction, or SO4
2

− reduction to dominate over HFO reduction (Kirk et al., 2004).
Very lowAs concentration inDRL6Dcanbe explainedby the later
geochemical process where SO4

2− reduction dominates over HFO
reduction, and sulfide mineral formation results in subsequent
co-precipitation of As into sulfide phases.

The geochemical data of sediment and groundwater
indicates that reductive dissolution of amorphous HFO is the
dominant process of As release in the study area. Relative redox
state controls the rate and intensity of HFO reduction and the
amount of As released into groundwater.
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